Energy barrier height and coercivity variation of a pair of interacting particles has been studied as a function of the bonding angle ␤ for 0°р␤р/2 and applied field using the fixed step Monte Carlo simulation approach supplemented by the perturbation method. Coercivity H c (␤) of the system has local maxima at ␤ϭ0 and /2, and a global minimum at ␤Ӎ65°, and remains depressed compared to the noninteracting case for ␤р30°at any temperature. The barrier height behaves similarly. Due to the random nature of distribution dipole interaction, on average, leads naturally to a reduction in coercivity and energy barrier height in comparison with the noninteracting case.
I. INTRODUCTION
Hysteretic and thermomagnetic behavior of the fine particles has been extensively studied recently. [1] [2] [3] [4] [5] [6] [7] Energy barrier height and coercivity variation for magnetization transition for a pair of dipole interacting identical particles under a simplifying configuration has been discussed to some extent. 1, 2 Experimentally, the variation of blocking temperature and superparamagnetic relaxation due to the presence of interparticle interaction was studied using the Mössbauer effect and ac-susceptibility measurement. [4] [5] [6] [7] Dormann, Bessaia, and Fiorani 4 suggested, among others, that the energy barrier height is enhanced by the presence of interparticle interaction. Mössbauer spectral analysis later 5 showed that for weak interacting particles such as ␥-Fe 2 O 3 the energy barrier height seems to reduce with increasing interaction strength. Hansen and Morup 7 pointed out the inadequacy of Dormann's model but agreed that the blocking temperature decreases with increasing interparticle interaction.
In this article we extend Chen, Zhang, and Bertram's discussion 1 to a more complicated situation allowing the bonding angle ␤ ͑between the z axis and the line connecting the two particles͒ to vary continuously, from 0°to 90°, taking into consideration the thermal relaxation by means of the limited Monte Carlo step ͑MCS͒ simulation augmented by the perturbation approach to give a proper physical interpretation and clarify the situation raised by Dormann, Bessaia, and Fiorani and Hansen and Morup.
Consider a pair of identical, uniaxial independent single domain particles with the easy axes and external field H pointing along the z axis. Energy of the ith particle is
where K is the anisotropy constant, V the particle's volume, i the polar angle between M (i) and the z axis, h ϭH(t)/H n , H n ϭ2K/M s . Let the field direction ͑the z axis͒ and the easy axes of the particles lie on the same plane. The dipole interaction energy is
where r ϭ(sin ␤,0,cos ␤) is the unit vector connecting the two particles, ␤ is the bonding angle between the unit vector r and the z axis, and ϭM s 2 V/2r 3 K is the dipolar coupling strength, as shown in Fig. 1 . The total energy of the dipole interacting system now is EϭE (1) ϩE (2) ϩE int . Chen, Zhang, and Bertram 1 considered the case in which ␤ is limited to ␤ϭ0 ͑a ferromagneticlike orientation͒ and ␤ϭ/2 ͑antiferromagnetic like͒, and evaluated the corresponding energy surfaces E( 1, 2 ) and barrier height for magnetization reversal. The -coupling term is assumed to be small and within that constraint the energy surfaces and barrier height were evaluated exactly only for Ͻ1/3. Relevant results of their calculation are summarized briefly as follows.
Case i-␤ϭ0: The mode of the magnetization reversal is by means of an asymmetric fanning rotation ͑␦ 1 /␦ 2 Ͻ0, ␦ 1 ␦ 2 ͒. When an external field, less than the critical field, is oriented along the Ϫz direction the new barrier height for the ↑↑⇒↑↓ transition, compared to the corresponding noninteracting case E b 0 ϭKV(1Ϫh) 2 , can be written simply as
Case ii-␤ϭ/2: The mode of the magnetization reversal is by means of an asymmetric coherent rotation,
Thus, the barrier height shift E b due to the dipole interaction is anisotropic to respect ␤ and varies with the coupling strength . It increases with when ␤ϭ0 but decreases when ␤ϭ/2.
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In order to better understand the dipole interaction effect on the magnetization reversal behavior we proceed to investigate the cases where ␤ is allowed to vary continuously, from ␤ϭ0 to /2. We resort to the fixed Monte Carlo step ͑MCS͒ simulation, 9, 10 supplemented by the perturbative calculation to study the barrier height shift and coercivity variation due to the dipole interaction. 
II. PERTURBATION TREATMENT AND MCS SIMULATION
Consider a pair of identical dipole interacting uniaxial particles as described above. Let E m ( 1 , 2 ) be the extremum of the energy surface in the absence of the dipole interaction at which ‫ץ‬E m ‫ץ/‬ 1 ϭ‫ץ‬E m ‫ץ/‬ 2 ϭ0. In this case, the barrier height which has to be overcome before the magnetization reversal takes place will diminish to zero as h→1. Under the thermal excitation, the barrier height is modified E bc ϭKV(1Ϫh c ) 2 . Now, with the dipole interaction, the energy surface extremum is shifted E m ϭE m ( 1 , 2 )
where ␦E m is symmetric with respect to ( 1 , 2 ). We have, for 0°Ͻ␤Ͻ90°,
where 
. This means that during the reversal process 1 and 2 reverses in the opposite direction, i.e., ␦ 1 /␦ 2 Ͻ0. That is to say, the fanning mode is favored as compared to the coherent rotation mode. In the case where sin ␤ϭ0, or cos ␤ϭ0, the two saddle points become merged, energywise there is no distinction between the two modes.
For E(0,) configuration, the effective field of a negatively oriented magnetic field and the dipole interaction field is capable of reorienting the magnetization vector toward the Ϫz direction. We need only to evaluate the coercivity and barrier height corresponding to E(↑↑)⇒E(↑↓) transition. The barrier height and the corresponding coercivity is
h c *ϭ1Ϫͱ
To proceed further, the Monte Carlo sampling method 9 is employed to augment the perturbative calculation to test consistency of the calculation. Assuming that the state of the system in the phase space jumps randomly from the ( 1i , 2i ) to ( 1f , 2 f ) state, the corresponding probability is 
III. RESULTS
From Eqs. ͑3͒ and ͑4͒ the coercivity at ␤ϭ0,/2 is, respectively, h c *͑␤ϭ0͒ϭ2Ϫͱ͑1Ϫ͒͑1Ϫ3͒
h c *͑␤ϭ/2͒ϭ2Ϫͱ͑1Ϫ͒͑1ϩ3͒ On replacing hϭ1ϪͱE bc /KV in Eq. ͑13͒ the coercivity h c * enhancement in relation to the critical ␤ can be similarly and easily obtained. For example, for E bc /KVϭ0.5, h c * becomes enhanced for ␤Շ24°. For E bc /KVϭ1⇒0.2 ͑say by lowering temperature, higher field sweep rate, or larger KV value͒, the critical bonding angle is reduced, from ␤ϭ29.3°⇒ down to ␤ϭ18.6°. In another words, when E b * is reduced, the range of the critical bonding angles over which the coercivity becomes enhanced gets narrower.
It is important to note that since the critical ␤ generally lies in the range of Շ30°and the probability of finding the bonding angle ␤Շ30°is less than 13% for a random threedimensional distribution of the bonding angles, this leads naturally to a reduction in coercivity for a dipole interacting system. Figure 2 shows a comparison of the coercivity variation for ␤ϭ0°and /2 as a function of the dipole coupling strength obtained by means of MCS ͑heavy dots͒, exact solution based on Eqs. ͑11͒ and ͑12͒ ͑solid lines͒, and the perturbation calculation Eq. ͑9͒ ͑dashed lines͒. For the MCS simulation we use as the input parameters KV/k b Tϭ45, f ϭ10 MHz and E bc /KVϭ0.0886. The first parameter is roughly equivalent to a half-life of ϳ10 yr, typical of the present day magnetic recording media. The parameter E bc /KVϭ0.0886 was chosen to ensure the three curves coincided with each other at ϭ0. Numerically, E bc /KV ϭ0.0886 is equivalent to E bc Ϸ4k b T, corresponding to a half-life of 7ϫ10 Ϫ3 of a period in tracing the hysteresis loop. The MCS simulation result agrees excellently with the exact ones for most range of the values, and agrees well with the perturbation result for small ϭ0-0.1. For the acicular particles such as ␥-Fe 2 O 3 whose shape anisotropy dominates, ϭ0.1 corresponds to a packing fraction of 0.5. Figure 3 shows the coercivity variation as a function of bonding angle ␤ for several values of based on the perturbation calculation, Eq. ͑9͒ ͑top͒, and that based on the MCS simulation ͑bottom͒. The two set of curves agree well enough with each other when ϭ0 or weak, but have an appreciable relative deviation at ␤Ӎ60°. Generally speaking, the characteristic features of the two set of figures are in good resemblance to each. Following Eq. ͑9͒ there are two terms, one the longitudinal and the other transverse component of the dipolar field H eff ϭϪr Ϫ3 ͓MϪ3r(Mr)͔ which contribute to the shift in the coercivity variation. The longitudinal component is proportional to Ϫ(1Ϫ3 cos 2 ␤) which decreases with ␤, vanishes at ␤ϭ54.7°, and turns negative as ␤ further increases. The transverse component is proportional to Ϫ cos ␤ sin ␤ which contributes negatively for all values of ␤. A combination of the two terms adds up to the resultant curve shown in Fig. 3 . We see that for a pair of the dipole interacting particles, ͑1͒ coercivity is enhanced typically only in a small range of the bonding angle ␤Շ25°, ͑2͒ coercivity is depressed typically for ␤տ25°, most appreciably for 70°տ␤տ50°.
Briefly summarizing, the bonding angle effect on the coercivity and energy barrier height variation associated with the magnetization reversal behavior of a pair of the dipole interacting particles has been carefully analyzed. The MCS simulation result is shown to yield good results, and is given appropriate interpretation guided by the perturbation calculations. 
